Abstract. Dual electrode Mach-Zehnder modulators (DE-MZMs) are used to conduct phase detection for direct wideband direction finding (DF) of microwave signals. It is demonstrated theoretically and through simulation and experimentation that the normalized magnitude of the output signal phase detector circuit is equal to j sinðψ∕2Þj, where ψ is the phase difference between the plane waves arriving at the reference and measurement antennas of a linear DF array. A four-element wideband photonic DF system with robust symmetrical number system preprocessing is presented. Simulation and experimental testing results are provided to demonstrate the theoretical concept. The results demonstrate a direct DF receiver using DE-MZMs that achieves fine angular resolution using a much smaller array size than is typically required for linear arrays employing super-resolution signal processing techniques.
Introduction
The use of photonic devices in microwave (MW) circuits has become more prevalent due to their wide bandwidths (BWs), the low attenuation losses associated with fiber-optic cables, immunity to electromagnetic interference, and the ability to implement "true time" delay lines. The revolution in MW photonics has rendered new techniques for generating MW signals, [1] [2] [3] photonic signal processing including MW delay line filters for beam forming applications, [1] [2] [3] [4] [5] and photonic analog-to-digital converters (ADCs). [6] [7] [8] [9] Wideband optical technology also plays a significant role in many direction finding (DF) and digital receiver architectures. Especially important in DF applications is the use of the Mach-Zehnder modulator (MZM) built using LiNbO 3 technology. In a wideband fiber-optic DF application, an MZM is used as an optical down conversion circuit at the antenna and as a means to efficiently couple the local oscillator into the optical domain. 10 An accuracy of better than 0.1 deg is achieved at 10 GHz with a BW capability of 2 to 18 GHz. Another photonic DF application uses optical Bragg cells. A laser is split between two Bragg cells whose outputs are Fourier transformed by a lens and detected by a channelized phase detector. 11 An alternate approach to measure the direction of arrival (DOA) for a radiofrequency (RF) signal uses two cascaded MZMs biased at the minimum transmission point to suppress the optical carrier wave. Identical RF signals with a given phase shift are applied to the electrode of each MZM. The phase difference between the signals is determined by measuring the optical signal's power. 12 Another technique for detecting the DOA of broadband MW signals in phased-array antennas is based upon a two-tap photonic transversal MW filter and measuring the frequency of the notches produced over the broadband signal using a spectrum analyzer. 13 Recently, a broadband, multiemitter DF system using a dual-drive MZM and a spatial-spectral material-based spectrum analyzer was presented that provides fine angular and spectral resolutions for spectrally nonoverlapping signals. 14 In this paper, a photonic wideband four-element phase sampling linear DF antenna array using a robust symmetrical number system (RSNS) preprocessing technique is presented that is characterized by a high angular (spatial) resolution, a wide frequency BW, a wide field-of-view (FOV), a minimum number of array elements, and a short array baseline length. We demonstrate theoretically and via simulation that a dual electrode MZM (DE-MZM) can be used as a phase detector. Based upon this development, a four-element wideband DF array with RSNS preprocessing is presented. In our application, the DE-MZMs are used to modulate the intensity of a CW laser to generate a signal that is a function of the difference between the phase shifted signals applied to the electrodes of the DE-MZMs. The modulated optical signal is converted back to the electrical domain by a photodetector (PD) and is passed through a DC blocking capacitor, leaving a sinusoidal signal whose magnitude is a function of the phase difference ψ i between the RF signals applied to the DE-MZM electrodes. The magnitude of the signal in each channel is determined through envelope detection, and the normalized envelope is applied to separate comparator networks to generate the RSNS residues used in decoding the DOA. The use of DE-MZMs provides wideband DF capability without having to down convert a high frequency input signal (e.g., 10-GHz pulsed radar signal) to an intermediate frequency. The use of RSNS preprocessing enables obtaining an unambiguous DOA with fine spatial resolution while maintaining a smaller array size than conventional linear arrays.
The major contributions of this manuscript are demonstrating the use of a DE-MZM as a phase detector and the development of a wideband DF array using RSNS preprocessing that provides a small baseline DF array with fine angular resolution over a large FOV. This concept was demonstrated via computer simulations, and a prototype was built and bench tested to demonstrate the photonic DF array's performance. The simulation and experimental results confirm the theoretical development. Practical considerations for implementation of the wideband DF array with RSNS preprocessing are also presented including an algorithm for use when multiple pulsed signals are present. Some challenges to implementing this concept are discussed along with potential solutions including areas of future research.
The remainder of this paper is organized as follows. The RSNS is introduced in Sec. 2. In Sec. 3, the concept of using a DE-MZM as a phase detector is developed and simulation and experimental results are presented to demonstrate the concept. In Sec. 4, the design of a four-element photonic RSNS-based DF array is presented. Simulation results are provided in Sec. 5, and experimental results are presented in Sec. 6. In Sec. 7, an algorithm is provided and simulations are performed to demonstrate the DOA resolution when more than one pulsed RF signal is present. The final section provides the conclusions and discusses the potential applications and future research.
Robust Symmetrical Number System
The RSNS is a modular-based number system designed to extract the maximum information from symmetrical folding waveforms. Employing a set of coprime moduli m i ¼ fm 1 ; m 2 ; : : : ; m N g, the RSNS represents an integer h as a N-tuple of symmetrical residues from each channel X h ¼ ½x 1;h ; x 2;h ; : : : ; x N;h T ; (1) where N ≥ 2. Each sequence forms a periodic folding staircase waveform composed of the residues and the modulus with each value repeated N times 
Each sequence is shifted left or right by s i ¼ i − 1, where i ∈ f1;2: : : ; Ng. The shift values s i form a complete residue system modulo N. For any coprime moduli m i , the RSNS sequence is defined as
where b•c is the floor function. 15 Each RSNS sequence is periodic with a period equal to 2Nm i , such that x hþ2Nm i ¼ x h . The N-sequence RSNS is also periodic with a fundamental period of 15, 16 
An example of a three-sequence, left-shifted RSNS with m i ¼ f3;4; 5g and s i ¼ f0;1; 2g is shown in Table 1 and Fig. 1 . Examining Table 1 and Fig. 1 , only one subsequence changes the value by AE1 at each increment of the code value h demonstrating that the RSNS has an integer Gray code property. This integer Gray code property makes the RSNS particularly well suited for DF antenna arrays and error control applications. 7, [15] [16] [17] [18] [19] [20] [21] The dynamic rangeM of the RSNS is the longest run of distinct N-tuples. However, unlike other residue-based number systems, the values comprising the dynamic range do not begin at zero and end atM − 1. The dynamic range and the starting and stopping points that comprise the sequence of unambiguous N-tuples X h are determined through the use of ambiguity analysis algorithms. 15, 17, 22 A general closed-form expression forM has not been determined; however, closedform expressions forM exist for some specific moduli combinations. For a two-sequence RSNS, the closed-form expression forM iŝ
and 5 ≤ m 1 < m 2 . 23 A closed-form expression forM for a three-sequence RSNS iŝ
where the moduli are m i ¼ fm; m þ 1; m þ 2g with m ≥ 3 and odd. 15, 16 Several additional closed-form expressions for M for other specific families of moduli sets have also been developed. 22 
Use of a Dual Electrode Mach-Zehnder
Modulator in Phase Interferometry For the two-element photonic DF linear array shown in Fig. 2 , the DOA of a RF emitter can be determined by 
where λ is the wavelength of the incident RF wave. If the signal at the reference antenna element is V 1 ðtÞ ¼ A cosðΩtÞ and the signal at the measurement antenna element is V 2 ðtÞ ¼ A cosðΩt − ψÞ, then ψ can be determined by a phase detector and θ is calculated by solving
To prevent ambiguous DOA results, d ≤ λ∕2 for a FOV of 180 deg. If the FOV is reduced, then the maximum distance between antenna elements can be increased by a scaling factor ξ ¼ 1∕ sinðFOV∕2Þ. In Fig. 2 , the DC component of the PD output is blocked and the magnitude of the AC component is determined from the output of an envelope detector.
The normalized output voltage of the envelope detector V out is demonstrated below to be a function of the phase angle ψ.
The transmission factor T of a DE-MZM is a function of the difference between the voltages V 1 and V 2 applied to its electrodes and is expressed as
where
is the phase bias, V π is the half-wave switching voltage of the DE-MZM, and Δ nL ¼ n 2 L 2 − n 1 L 1 is the path length mismatch between the two arms of the interferometer. [24] [25] [26] If equal amplitude phase-shifted sinusoids, V 1 ¼ V cosðΩtÞ and V 2 ¼ V cosðΩt þ ψÞ, are applied to the electrodes of the DE-MZM, the difference term in Eq. (10) is
Substituting Eq. (12) into Eq. (10) results in
By applying the identity, 27 cosðx þ yÞ ¼ cos x cos y − sin x sin y; (14) to Eq. (13), the transmission factor becomes 
The result in Eq. (15) can be expressed as a summation of the harmonics of the input signal by applying the identities 27 cosðz sin θÞ ¼ J 0 ðzÞ þ 2 X ∞ 1 J 2k ðzÞ cosð2kθÞ (17) and sinðz sin θÞ ¼ 2
to Eq. (15), resulting in
where J ν ðzÞ is the Bessel function of the first kind of order ν.
If the DE-MZM is biased at its quadrature point (V b ¼ V π ∕2), then φ b ≈ π∕2 and the even numbered harmonics in Eq. (19) are suppressed. As a result, Eq. (19) simplifies to
Therefore, the output of the PD consists of a DC component plus a summation of the odd harmonics of the RF signal. The amplitudes of the sinusoidal components are a function of sinðψ∕2Þ. If V ≪ V π , then z is small and J 1 ðzÞ ≫ J 2kþ1 ðzÞ, where k ¼ 1;2: : : ∞. As a result, the magnitude of the AC component of the modulated signal may be approximated as jJ 1 ðzÞj. When the argument z is small, the Bessel function may be approximated as
where ΓðνÞ is the Gamma function. 27 Applying Eq. (21), the normalized value of jJ 1 ðzÞj can be approximated as j sinðψ∕2Þj when V ≪ V π . Therefore, the normalized value of V out can be approximated as
and can be used to determine θ from Eq. (8) . To demonstrate the theoretical development presented in Eqs. (10) through (22), RSOFT Design Group's OPTSIM software package was used to simulate the two-element photonic DF array 4 Photonic Implementation of a Robust Symmetrical Number System-Based Direction Finding Array A block diagram of a photonic RSNS-based DF array is shown in Fig. 4 . An optical signal, provided by a 1550-nm CW laser source, is passed through a 3∶1 optical splitter. The optical signal's intensity is modulated by the RF signals applied to the DE-MZMs' electrodes. The RF input signal received at the reference antenna is applied to electrode one of each of the three DE-MZMs. An identical phase-shifted RF signal is received at each measurement antenna element and is applied to electrode two of the associated DE-MZMs. The signals applied at electrode two of the DE-MZMs are shifted in phase to align the folding waveforms generated by the array with the RSNS sequences used in coding and quantizing the DOA. The output of the DE-MZMs are converted to electrical signals using a PD.
The distance of each measurement element antenna from the reference antenna is based on the RSNS moduli and the number of folds within the dynamic rangeM. 16 For a given modulus m i , the number of folds withinM is
and the distance d i between each measurement element and the reference element is equal to
A right-shifted RSNS with m i ¼ f7;8; 9g andM ¼ 133 is used to represent −60 deg ≤ θ ≤ 60 deg at the design 
where j ¼ 1;2; : : : m i . The RSNS represents the continuous DOA by sorting the DOA intoM discrete DOA bins, where the DOA bin centerθ k is
and the bin width r k is
The phase shifts listed in Table 2 are applied to the signals received at each measurement element to align the folding waveforms generated by the array with the normalized RSNS folding sequences shown in Fig. 5 .
If the frequency of the incident RF wave is less than f max , then the folding waveforms will expand over a larger FOV. To determine the effect on the array transfer function, Eq. (24) is inserted into Eq. (8) and the wavelength is expressed as λ ¼ c∕f to yield
The ratio, f∕f max , in Eq. (28) changes the scaling of the folding waveforms. Therefore, a new scaling factor 
is used to determineθ k in Eq. (26) and the corresponding angular resolution r k in Eq. (27) . For example, if the array is designed for a FOV ¼ 120 deg at f max ¼ 8 GHz and a signal with a frequency f ¼ 6 GHz is received, then the folding waveforms will expand as shown in Fig. 6 . The array's transfer function will also expand over a larger FOV reducing the angular resolution of the array.
Simulation Results for Photonic Direction
Finding Array with Robust Symmetrical Number System Preprocessing Simulation of the photonic DF array with RSNS preprocessing displayed in Fig. 4 was conducted using RSOFT Design Group's OptSim software for the components up to and including the PDs. The front-end components [antennas, phase shifters, and low noise amplifiers (LNAs)] are simulated using phase-shifted sinusoids with an amplitude of 100 mV and a frequency of 2.4 GHz corrupted with additive white Gaussian noise (AWGN) as the electrical input signals applied to the DE-MZM electrodes. The phase shifts (ψ i þ φ i ) are based on each antenna's distance from the reference antenna and the phase shifts listed in Table 2 that are required to align the array's folding waveforms with the RSNS sequences in Fig. 5 . The optical source used in the simulation is a 1550-nm CW laser with a 20-mW power output. For the DE-MZMs, V π ¼ 2.6 V. The output data from the PDs are exported to MATLAB where the mean value is subtracted from each signal to simulate the DC blocking capacitor and the signal's envelope is determined. The signal at the envelope detector output is normalized and applied to a comparator network to determine the RSNS symmetrical residues. The simulation results are compared with the theoretical results obtained from
where ψ i is defined by Eq. (8) and the values for φ i are defined in Table 2 .
Simulations were performed using nonideal components and a signal environment corrupted by AWGN. An extinction ratio of 25 dB and an insertion loss of 3 dB are used for the DE-MZMs. For the PDs, a dark current of 0.1 nA, quantum efficiency of 0.7, and a 20 GHz BW are specified. Also, electrical and quantum noises are included in the OptSim modeling. The maximum value of the envelope detector used in normalizing the output values for each channel was generated by using a separate identical channel with a constant phase shift of 180 deg from the reference signal in the simulation and by averaging the value over time. Simulations were conducted for a SNR ¼ 20 dB. The results for SNR ¼ 20 dB are discussed below.
The normalized envelope detector output voltage is plotted along with the theoretical folding waveforms in Fig. 7 . Due to the extinction ratio of the DE-MZM and the addition of AWGN, the minimum value of the normalized envelope is greater than zero. The values of the symmetrical residues were determined by applying the normalized envelope detector's output value at each time instant to the comparator network. The residue values for 100 time instances were averaged and rounded to the nearest integer. Several errors occur in the resolved residues which are shown in Fig. 7 due to the signal level not decreasing below the comparator Table 2 Required phase shifts to match folding waveforms to robust symmetrical number system's waveforms for m i ¼ f7;8; 9g. voltage for the value of 1. The errors in the residues are carried forward in the transfer function, presented in Fig. 8 . From Fig. 7 , it is observed that the residue values do not match the theoretical values exactly; however, the overall staircase type waveform is preserved. The RSNS vector generated for each DOA is converted to a decimal bin number that is represented by a quantized DOAθ k . The estimated DOA θ est is plotted against the DOA θ in Fig. 8 . The theoretical transfer function is also plotted in Fig. 8 . The simulated curve shows six values that produce invalid RSNS codes for which the values of θ est were set to 0 deg. The inset is provided to show the details in the curves and how the simulation closely approximates the theoretical transfer function. Examination of the inset around θ ¼ 33 deg reveals an erroneous value for θ est . This error corresponds to the erroneous residue value in the folding waveform for the m ¼ 8 curve at 33 deg shown in Fig. 7 . These errors result in either invalid RSNS code values that were set to 0 deg or erroneous codes resulting in decoding errors.
Experimental Results
In this section, experimental testing results are presented for a photonic DF array with RSNS preprocessing. The block diagram for equipment configuration used for the bench testing is shown in Fig. 9 . Narrow band testing was conducted to prove the concept due to the cost constraints imposed by wideband components, i.e., antennas, and LNAs. A 2.4-GHz CW sinusoidal signal with a 6-dBm power level was provided by an HP 83711B synthesized CW generator. The CW signal was routed to electrode one of each DE-MZM and also to the input of each manual phase shifter used to generate the required phase shift for the signal received at electrode two of each DE-MZM (Fujitsu FTM9712ER). The optical source was a high power 1550-nm wavelength distributed feedback (DFB) laser at a constant power level of 60 mW. The optical signal was split and routed to each DE-MZM, where the optical signal's intensity was modulated by the voltage difference between the DE-MZM's electrodes. The modulated optical signal in each channel was detected and converted back to an electrical signal using high speed InGaAs PD (Newport Model 1014).
The output of the PDs was passed through a DC blocking capacitor and then amplified using two cascaded LNAs (RF-BAY LNA-2700) prior to envelope detection using an Analog Devices envelope detector evaluation board (ADL 5511-EVALZ). The envelope signal output V env is biased on a reference voltage E ref , which is also available as an output. The true envelope was provided by subtracting E ref from V env using an instrumentation amplifier (INA114) circuit.
The outputs of the instrumentation amplifiers were routed to a field programmable gate array (FPGA) (National Instruments Virtex-5 LX30 Compact RIO Reconfigurable Chassis and NI cRIO 9012 Real time controller). The FPGA implemented a comparator network and a RSNS to binary algorithm. The FPGA outputs were the RSNS residue values and the DOA bin number, which was converted to an angular value via a lookup table. The FPGA code used a leftshifted RSNS code with m i ¼ f7;8; 9g with a truncated code length of 131. 28 To align the folding waveforms with the RSNS waveforms, the phase shifts listed in Table 3 were inserted.
Manual phase shifters (Sage Laboratories Model 6708) were used to insert a phase shift between the sinusoidal signals applied at the two electrodes of each DE-MZM to simulate the phase shift ψ i that would be present for a given DOA. A rotational turn counter was attached to the shaft of each phase shifter to allow for repeatability of measurements. The phase shifters were calibrated using a vector network analyzer (HP 8517A S-parameter test set and HP 8510C Network Analyzer). The data points were curve fitted to a linear equation for each phase shifter. Due to the phase shifters providing only 180 deg of phase shift at the signal frequency of 2.4 GHz and the symmetrical transfer function of the DE-MZMs, phase angles between 180 and 360 deg were simulated by inserting a phase shift of 360 − ψ i .
Data were taken in 0.2-deg increments for −60 deg ≤ θ ≤ þ60 deg. The residue values resulting in each channel were recorded and graphed against the expected residue values based on the theoretical predictions provided by Eqs. (22) and (25) . Examining Fig. 10 , the experimental results follow a staircase waveform similar to that of the theoretical predictions. There are several points where the transitions between values do not occur when expected or where the tread of the experimental staircase waveform is either wider or narrower than the theoretical curves. These errors are attributed to the drifting of the modulator bias point and the amplifier circuits' gain with temperature. Additionally, fluctuations in laser output power may have contributed to the errors. The estimated DOA for each data point is plotted against the theoretical transfer function of the photonic DF array with RSNS preprocessing in Fig. 11 . The experimental data approximate the theoretical transfer function. Some of the RSNS code results were invalid and were set to 0 deg. The detail of the curves is displayed in the insets of Fig. 6 , where it can be seen that the experimental results follow the theoretical results, but the transitions between the DOA bins do not occur at the proper locations resulting in some DOA bins that are narrower or wider than the theoretical curve. The error signal, ðθ est − θÞ, is displayed in Fig. 12 . The mean value and standard deviation were determined for the error signal, neglecting the data points that resulted in invalid RSNS code vectors and the outlying values at θ ¼ f−59.8 deg; −59.6 degg. The errors in the experimental transfer function results are attributed to either voltage drift of the modulator bias point and the amplifiers during the bench testing or variation in the output intensity of the DFB laser used. Another source of the errors is the difference in amplitude between the reference signal and the measurement signals due to unbalanced attenuation in the cables and phase shifters. Use of a DE-MZM bias control circuit and amplifiers with increased stability and/or adaptive gain features should allow for a more stable system performance. Errors may also be reduced through oversampling and integration.
Practical Considerations
The majority of radar systems are based on pulsed sinusoidal signals. The pulse repetition rate can be either constant, staggered, or jittered. [29] [30] [31] If more than one emitter is present, an electronic warfare (EW) receiver must sort the received pulses based on the signal parameters including the carrier frequency (f c ), pulse width (PW), pulse repetition frequency (PRF), pulse amplitude, and DOA 29 to identify the individual emitters. In EW receivers, time-of-arrival (TOA) measurement is usually the most accurate parameter available. TOA analysis is, therefore, commonly used to determine the PRF and to perform the sorting of pulses known as deinterleaving. 32 Deinterleaving may also be performed by using multiple parameter algorithms that use several parameters such as DOA, f c , and PW. These algorithms cluster or group pulses with common parameters, typically DOA and f c , prior to deinterleaving the pulses in each cluster using TOA data. Emitters are identified by comparing the parameters of each signal that form an emitter descriptive vector by correlating them with a library of known emitters. The use of vector neural networks for emitter identification has also been investigated.
33-37
The simulations and experimental testings discussed in Secs. 5 and 6 demonstrated the performance of the photonic DF array with RSNS preprocessing when receiving a narrow band CW signal. As discussed in Sec. 4, DE-MZMs have BWs on the order of 40 GHz. This allows the intercept of signals over a large BW, for example 2 to 18 GHz as is commonly seen in modern EW receivers, without the requirement to down convert the signal or channelize the signals. The DF antenna spacing is based on the maximum design frequency. If the frequency of the intercepted signal is less than the maximum design frequency, then the folding waveforms expand changing the DOA mapping of the RSNS vectors and reducing the angular resolution of the array. Therefore, the frequency of each received pulse must be determined and used in the array signal processing to calculate the DOA. Also, if more than one emitter is present, then some pulses will interfere with each other causing errors in RSNS residues and subsequently either invalid RSNS codes or erroneous values for the estimated DOA.
To demonstrate the performance of the photonic DF array with RSNS preprocessing, simulations were conducted in MATLAB. The simulation flow chart is shown in Fig. 13 . A signal consisting of two pulsed sinusoidal signals was simulated at the output of each PD based on the theoretical results presented in Secs. 3 and 4. The carrier frequencies of the signals were in the megahertz range to limit the computer resources required to conduct the simulations over a timeframe of several milliseconds. The design frequency for the array in the simulations is 100 MHz. The reference antenna signal was processed separately to determine f c that applies to each DOA pulse through examination of the periodogram and spectrogram. The periodogram was produced using the Welch method employing a Hamming window, a 2048-point fast Fourier transform (FFT), and 50% overlap. The spectrogram was determined using a 2048-point FFT with a Hamming window and 75% overlap. A hard threshold equal to 20 times the median value was applied to the power spectrum represented by the spectrogram to determine the frequency of the pulses and the time values corresponding to the pulses. The results were applied to the decimal values corresponding to the RSNS vectors after the mode function was applied to select the value that occurs most frequently in the samples that are contained within each pulse. An example is shown below to demonstrate the performance of the photonic array and the processing of two pulsed emitters.
The example examines a two emitter case whose parameters are listed in Table 4 . A graphical representation of the input signal is shown in Fig. 14. An example of the interference that occurs when two pulses are received simultaneously is shown in Fig. 14 . The carrier frequencies of the two pulsed sinusoids were determined from the periodogram of the signal using the Welch method. The spectrogram of the signal was also used to determine the location of the pulses in a time-frequency representation. The spectrogram and periodogram are displayed in Fig. 15 . From the periodogram shown in Fig. 15 , the carrier frequencies of the two pulsed waveforms were estimated to be equal to 60.2 and 29.2 MHz. From the spectrogram data, the time sequences corresponding to the received pulses and their frequencies were applied to Eqs. (29) and (26) to determine the DOA versus time plot. An estimate of the PW and PRF can be obtained from the spectrogram; however, more accurate algorithms exist based on TOA data. From the spectrogram shown in Fig. 15 , the PRF for emitter number one is estimated to be 8 KHz, and for emitter number two the PRF is estimated to be 7 KHz. The resulting DOA versus time plots are displayed in Fig. 16 . In order to resolve the DOA for each pulse and to remove the errors associated with noise or invalid RSNS codes, the mode function that selects the value that occurs most often in the set of data was applied to the decimal value representing the decoded RSNS vector within the spectrogram time slots corresponding to each pulse. From the results in Fig. 16 , the estimated DOA for each pulse is approximately equal to the DOA of the transmitted signals.
Concluding Remarks
In this paper, the ability to use a DE-MZM in phase interferometry DF applications was proven theoretically and demonstrated through simulations and experimental testings. The normalized output voltage of the interferometer circuit was shown to be equal to Eq. (22) . A four-element photonic DF array with RSNS preprocessing was also designed and tested via simulation using RSOFT's OptSim software and MATLAB. The concept was then satisfactorily demonstrated by bench testing the hardware configuration displayed in Fig. 9 . The simulation and experimental results demonstrate both the use of the DE-MZM in a phase interferometry application and the ability to use RSNS preprocessing in a linear array design to provide a small baseline DF linear array while achieving a wide FOV and fine angular resolution. While the use of RSNS preprocessing provides a useful integer Gray code property useful in detecting DOA errors while tracking a particular SOI, the alignment of the array's folding waveforms with the RSNS waveforms presents challenges for wideband applications because the phase shifters require adjustment as the frequency of the input signal changes. One alternative to using the RSNS would be using residue number system (RNS)-based antenna spacing and algorithms based on the Chinese remainder theorem to resolve the DOA. The use of an RNS-based array would avoid the requirement to align the folding waveforms of the array; however, the use of RNS-based arrays results in larger array baselines for a similar angular resolution. Also, an RNS-based linear array would lack the integer Gray code property provided by the RSNS, subjecting the receiver to the potential of increased encoding errors due to comparator circuit failures to change state. Similarly, the optimal symmetrical number system 16 could be used to avoid the required phase shifts;
however, it would also have the same disadvantages of an RNS-based preprocessing compared with the RSNS-based preprocessing. DF systems based upon phase interferometry typically assume that there is only one signal present. This assumption is achievable in practice using narrow band circuits or through the use of channelized receivers. In the photonic DF wideband application examined, the DOA must be determined for each received pulse. An algorithm and the simulations results were presented in Sec. 7 to investigate the performance of the array when multiple pulsed emitters are present. The DF array was shown to accurately resolve the DOA of the emitters when the carrier frequency of each pulse is provided to the array's DOA processing provided that the signal pulses do not overlap. The algorithm depends upon the frequency of the signal being known to calculate the DOA. The signal frequency can be determined from one of the channels in the circuit or from a separate receiver such as the Nyquist folding analog-to-information receiver. 38 The photonic DF array with RSNS preprocessing can monitor a wide BW to determine the DOA of the pulsed emitters. The components used in the hardware design can be modified to use wideband antennas and amplifier circuits. Also, adaptive gain amplifiers can be used to ensure that the signals applied to the DE-MZM electrodes are of equal amplitude allowing for simpler normalization and comparator level assignment. A bias control circuit for the DE-MZMs can also be used to compensate for temperature drift of the DE-MZM bias points. Among the challenges to implementing a wideband photonic DF array with RSNS preprocessing is the close spacing of array antennas at high frequencies and the comparatively large footprint of wideband spiral antennas. As a result, the antenna arrays may require staggering in height. An additional challenge is preventing a CW signal from effectively jamming the receiver. Further investigation of this concept to include addressing the challenges listed above as well as testing in an anechoic chamber and field testing against pulsed and CW emitters is warranted.
